ABSTRACT Autotaxin (ATX), a lysophospholipase D, plays an important role in cancer invasion, metastasis, tumor progression, tumorigenesis, neuropathic pain, fibrotic diseases, cholestatic pruritus, lymphocyte homing, and thrombotic diseases by producing the lipid mediator lysophosphatidic acid (LPA). A high-throughput screen of ATX inhibition using the lysophosphatidylcholine-like substrate fluorogenic substrate 3 (FS-3) and ∼10,000 compounds from the University of Cincinnati Drug Discovery Center identified several small-molecule inhibitors with IC 50 vales ranging from nanomolar to low micromolar. The pharmacology of the three most potent compounds: 918013 (1; 2,4-dichloro-N-(3-fluorophenyl)-5-(4-morpholinylsulfonyl) benzamide), 931126 (2; 4-oxo-4-{2-[(5-phenoxy-1H-indol-2-yl)carbonyl]hydrazino}-N-(4-phenylbutan-2-yl)butanamide), and 966791 (3; N-(2,6-dimethylphenyl)-2-[N-(2-furylmethyl)(4-(1,2,3,4-tetraazolyl)phenyl)carbonylamino]-2-(4-hydroxy-3-methoxyphenyl) acetamide), were further characterized in enzyme, cellular, and whole animal models. Compounds 1 and 2 were competitive inhibitors of ATX-mediated hydrolysis of the lysophospholipase substrate FS-3. In contrast, compound 3 was a competitive inhibitor of both FS-3 and the phosphodiesterase substrate p-nitrophenyl thymidine 59-monophosphate. Computational docking and mutagenesis suggested that compounds 1 and 2 target the hydrophobic pocket, thereby blocking access to the active site of ATX. The potencies of compounds 1-3 were comparable to each other in each of the assays. All of these compounds significantly reduced invasion of A2058 human melanoma cells in vitro and the colonization of lung metastases by B16-F10 murine melanoma cells in C57BL/6 mice. The compounds had no agonist or antagonist effects on select LPA or sphingosine 1-phosphate receptors, nor did they inhibit nucleotide pyrophosphatase/phosphodiesterase (NPP) enzymes NPP6 and NPP7. These results identify the molecular surface of the hydrophobic pocket of ATX as a targetbinding site for inhibitors of enzymatic activity.
Introduction
Autotaxin (ATX, NPP2) is member of the nucleotide pyrophosphatase/phosphodiesterase (NPP) family of enzymes that was originally discovered as a secreted factor that promoted the invasion and motility of melanoma cells (Stracke et al., 1992) . The dual lysophospholipase (LPL) and phosphodiesterase (PDE) activity of ATX is catalyzed by the same active site (Gijsbers et al., 2003) . While hydrolysis of nucleotide pyrophosphates does not appear to be physiologically relevant in vivo Koh et al., 2003; Baker et al., 2006) , hydrolysis of lysophosphatidylcholine (LPC), which is considered to be the physiologically relevant substrate of ATX, generates the bioactive lipid lysophosphatidic acid (LPA). A variety of biologic processes are mediated by LPA via activation of multiple G protein-coupled receptors (GPCRs) (Tigyi, 2010; Yanagida et al., 2013) . Some of these responsesincluding angiogenesis, chemotaxis, cell invasion, migration, proliferation, and suppression of apoptosis-are particularly important in tumor biology because they affect the growth, progression, and metastasis of many types of cancers (Mills and Moolenaar, 2003; Houben and Moolenaar, 2011; Brindley et al., 2013) . Upregulated ATX expression has been reported in numerous cancers, including thyroid, prostate, breast, and ovarian cancers, as well as melanoma (Yang et al., 1999 (Yang et al., , 2002 Kehlen et al., 2004; Nouh et al., 2009; David et al., 2010; Wu et al., 2010) . In addition to malignant diseases, ATX has been implicated in neuropathic pain, fibrotic diseases, cholestatic pruritus, lymphocyte homing, chronic inflammatory conditions, and thrombotic diseases (Ikeda and Yatomi, 2012; Kremer et al., 2012; Nikitopoulou et al., 2012; Tager, 2012; Moolenaar et al., 2013; Ueda et al., 2013) . Because of the established role of LPA in these malignancies, inhibition of ATX represents a therapeutically attractive target for the disruption of the ATX-LPA-LPA receptor signaling axis (Albers and Ovaa, 2012) .
At the present time there is no approved ATX inhibitor available for therapy; however, development of ATX inhibitors has gained increasing interest with several smallmolecule ATX inhibitors having been described (Ferry et al., 2008; Saunders et al., 2008; Albers et al., 2010; Gierse et al., 2010; Hoeglund et al., 2010; Mize et al., 2011; Gotoh et al., 2012; Kawaguchi et al., 2013; St-Coeur et al., 2013) . A considerable amount of effort has been devoted to the characterization of inhibitors that interact with the active site of ATX. Recent crystal structures of ATX, including a cocrystal with the irreversible inhibitor (Z)-4-((4-((3-(4-fluorobenzyl)-2,4-dioxo-1,3-thiazolan-5-yliden)-methyl)phenoxy)methyl)benzeneboronic acid ATX inhibitor IV (HA155) (Hausmann et al., 2011) and the active-site inhibitor BoA set of compounds (Kawaguchi et al., 2013) have provided new insight into the catalytic site of this enzyme and also shed light on the access of the lipid substrate to the active site (Hausmann et al., 2011; Nishimasu et al., 2011) . The structure reported by Nishimasu et al. (2011) shows LPA in a hydrophobic channel that suggests an exit route for the product connecting the catalytic site to the enzyme surface.
Our objective in the present study was to apply a new highthroughput screening (HTS) strategy with the synthetic LPClike substrate fluorogenic substrate 3 (FS-3) for novel ATX inhibitors using 10,000 compounds representative of the chemical diversity space of the ∼360,000 compounds contained in the University of Cincinnati Drug Discovery Center (UC-DDC) chemical library. Previous HTS strategies targeting ATX (Ferry et al., 2008; Albers et al., 2010) used the nucleotide-like PDE substrate p-nitrophenyl thymidine 59-monophosphate (pNP-TMP). In our strategy, hits that inhibited ATX activity by 50% at a concentration of 10 mM were selected for further characterization using pNP-TMP and another LPC analog, 3-acyl-7-dimethylaminonaphtyl-1-LPC (ADMAN-LPC). Using these LPL and PDE substrates our hits fell into two categories (Fig. 1) . The first category of compounds, exemplified by 2,4-dichloro-N-(3-fluorophenyl)-5-(4-morpholinylsulfonyl) benzamide (UC-DDC number 918013, designated as compound 1) and 4-oxo-4-{2-[(5-phenoxy-1H-indol-2-yl)carbonyl]hydrazino}-N-(4-phenylbutan-2-yl)butanamide (UC-DDC number 931126, designated as compound 2) are competitive inhibitors of the hydrolysis of LPC-type substrates only (termed herein as single inhibitors).
A second category of compounds, represented by the compound N-(2,6-dimethylphenyl)-2-[N-(2-furylmethyl)(4-(1,2,3,4-tetraazolyl)phenyl)carbonylamino]-2-(4-hydroxy-3-methoxyphenyl) acetamide (UC-DDC number 966791, designated as compound 3), competitively inhibited the hydrolysis of both types of substrates via a competitive mechanism (termed herein as dualinhibitor). Computational docking of compounds 1 and 2 into the ATX crystal structure suggests that they interact with a surface in the hydrophobic pocket of ATX. In contrast, compound 3 interacts with a surface at the catalytic site. Alanine replacement of residue Phe275 in the hydrophobic inhibitor-interacting surface reduced the inhibition of FS-3 hydrolysis by compound 1, whereas it had no effect on the action of the dual-inhibitor compound 3. The hydrolysis of pNP-TMP by the F275A mutant was also blocked by compound 3. All three compounds dose-dependently reduced the ATX-dependent invasion of A2058 melanoma cells in vitro. The single inhibitor compound 1 and the dual inhibitor compound 3, when administered to C57BL/6 mice inoculated with the B16 melanoma cells, reduced the number of metastatic lung nodules. These results identify the hydrophobic channel surface as a novel inhibitory site in the ATX structure amenable to drug discovery.
Materials and Methods
Reagents. An ∼10,000-member diversity library was provided by the UC-DDC. Compounds 1 and 3 were also purchased from TimTec (Newark, DE) and ChemBridge (San Diego, CA) for the animal studies. The compounds were diluted in dimethyl sulfoxide (DMSO) at a 10 mM stock concentration at 280°C. PNP-TMP was purchased from SigmaAldrich (St. Louis, MO), FS-3 was purchased from Echelon (Salt Lake City, UT), and ADMAN-LPC was synthesized as previously described (Baker et al., 2006) . Expression, Purification, and Activity of ATX. The expression, purification, and enzymatic assay conditions of human ATX were described previously (Gupte et al., 2011) .
Primary HTS Assay Conditions. Before the start of the assay, 20 ml of 4 nM ATX/well were dispensed into 384-well plates. The assay was started immediately by dispensing 10 mM of the test compounds in DMSO (final DMSO concentration 0.093%), DMSO alone (0% inhibition control), or LPA (final concentration 10 mM, 100% inhibition control) to the appropriate wells. Next, 10 ml of 4 mM FS-3 (1 mM final) in assay buffer [50 mM Tris, 1 mM MgCl 2 , 1 mM CaCl 2 , 3 mM KCl, 140 mM NaCl, and 15 mM bovine serum albumin (BSA)] was added to all wells. Plates were briefly centrifuged for 35 seconds at 337g. An initial fluorescence was read by fluorescence excitation at 475 nm and detection of emission at 535 nm using a Envision Plate reader (PerkinElmer, Waltham, MA). The plates were then incubated for 3 hours at 37°C. Autotaxin activity was determined after 3 hours by the change in fluorescence. Dose-response curves were recorded to determine IC 50 values for compounds that caused . 50% inhibition of ATX enzyme activity.
Secondary Assay Conditions for Inhibition of PDE Activity Using pNP-TMP Substrate. The assay contained overall concentrations of 4 nM ATX, 1 mM pNP-TMP, and 10 mM of compound in assay buffer. Absorbance was monitored at 485 nm after 4 hours of incubation to measure enzyme activity.
Tertiary Screen in the Presence of 0.01% Triton X-100. A detergent-dependent screen was adapted from the previously described enzyme assay, for the identification of promiscuous inhibitors. Triton X-100 was added to assay buffer at a concentration of 0.01% to test interference with FS-3 and pNP-TMP hydrolysis assays.
Amplex Red Choline Release Assay. Inhibition of ATXmediated hydrolysis of various chain-length LPC substrates was determined via Amplex Red choline release assay as described previously (Hoeglund et al., 2010; North et al., 2010) . Briefly, 60-ml triplicate reaction volumes were loaded into 96-well, half-area plates (Corning Inc., Corning, NY) in assay buffer consisting of 50 mM Tris, 5 mM CaCl 2 , and 30 mM fatty acid-free BSA (pH 7.4). Final concentrations of reaction constituents were 0.1 U/ml choline oxidase (MP Biomedicals, Solon, OH), 1 U/ml horseradish peroxidase (Thermo Fisher Scientific, Waltham, MA), 10 mM Amplex Red (Life 
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Technologies, Carlsbad, CA), 10 nM ATX, 100 mM LPC (14:0, 16:0, 18:0, or 18:1 chain lengths from Avanti Polar Lipids, Alabaster, AL), and 10 mM inhibitor. Fluorescence was measured at excitation and emission wavelengths of 560 and 590 nm, respectively, initially and after 2-hour incubation at 37°C. From the background-corrected endpoint data, percent ATX inhibition versus vehicle control was calculated for each triplicate data set and reported 6 standard deviation.
Quaternary Screen Using ADMAN-LPC. ADMAN-LPC at a final concentration of 30 mM was resuspended in assay buffer containing 2 mg/ml BSA with or without 10 mM inhibitor compound and 30 nM ATX. The reaction was incubated at 37°C for 4 hours. Lipids were extracted using a modification of the Bligh and Dyer procedure by adding 3.5 volumes of citrate phosphate buffer, pH 4, before addition of chloroform and methanol (2:1 v/v). Lipids were dried and resuspended in 30 ml chloroform/methanol (1:1) and separated on silica gel 60 thin layer chromatography plates (Merck, Billerica, MA) using CHCl 3 /MeOH/NH 4 OH (60:35:8 v/v/v). Fluorescent LPC and LPA species were visualized by ultraviolet transillumination and quantified via densitometric analysis in ImageJ software (NIH, Bethesda, MD) (Schneider et al., 2012) to compare LPA production and ATX inhibition.
Determination of the Mechanism of Autotaxin Inhibition. The mechanism of ATX inhibition was determined using an activity assay with inhibitor concentrations of 0, 0.5, and 2 times the experimentally determined IC 50 value and FS-3 substrate concentrations ranging from 0.3-20 mM. The initial reaction rate was determined by plotting background-corrected fluorescence at emission wavelength 485 nm as a function of time using 528-nm excitation of the fluorochrome. Data were then transformed using a carboxyfluorescein standard curve, which is analogous to the fluorescent FS-3 hydrolytic product. Reaction rate was then plotted as a function of FS-3 concentration and simultaneously fitted via nonlinear regression using the Michaelis-Menten equations for competitive, noncompetitive, uncompetitive, and mixed-mode inhibition as described in our previous publication (Gupte et al., 2011) , using GraphPad Prism v5 (GraphPad Software, Inc., La Jolla, CA). The model providing the highest global nonlinear fit (R 2 ) value, taking into account GraphPad's interpretation rules for the calculated a value, was selected as the mechanism of inhibition. K i (compound affinity for enzyme) was subsequently calculated based on the corresponding regression analysis.
Testing of Off-Target Effects of Select ATX Inhibitors. Compounds 1 and 3 were submitted to Psychoactive Drug Screening Program (PDSP) of the National Institute for Mental Health for analysis of effect at 10 mM on 32 various human transporters and receptors.
Molecular Docking of the Inhibitors to the ATX Crystal Structure. All of the molecular docking studies were carried out using Autodock Vina (Trott and Olson, 2010) . The crystal structure of ATX (PDB ID 2XRG) was chosen as the structure of reference protein (Hausmann et al., 2011) . All water molecules, sugars, iodoacetamide, and nonpolar hydrogen atoms were removed; zinc heteroatoms records were retained. The binding site was defined by centering the docking box around the catalytic domain containing the cocrystallized inhibitor HA155. Both the enzyme and ligands were prepared using the Raccoon software (The Scripps Research Institute, La Jolla, CA). Docking simulations were run using the default settings of this program.
Site-Directed Mutagenesis and Transfection. Aminoterminal FLAG epitope-tagged ATX constructs were subcloned into pcDNA3.1 vector (Invitrogen, Grand Island, NY). Constructs were mutated using the QuikChange II XL site-directed mutagenesis kit (Stratagene, Santa Clara, CA). TOP10 competent cells (Invitrogen) were transformed with the mutant constructs, and clones were verified by complete sequencing of the inserts. Human embryonic kidney cell line 293T was cultured in Dulbecco's modified Eagle's medium (DMEM) containing 10% heat-inactivated fetal calf serum and 2 mM L-glutamine in a 10-cm dish. The cells were grown overnight at 37°C and 5% CO 2 up to 80% confluence before transfection. Transfection was done in the presence of Effectene transfection reagent from Qiagen (Valencia, CA) according to the manufacturer's protocol. Twenty hours post-transfection, the culture medium was changed to serum-free DMEM. Forty-eight hours post-transfection, the conditioned serum-free medium containing secreted ATX mutants was collected and concentrated in ATX assay buffer using 10,000 molecularweight cutoff filters (Millipore, Billerica, MA) by centrifugation at 3000g.
Inhibition of ATX-Dependent A2058 Melanoma Cell Invasion. A2058 melanoma cells (gift from Dr. Timothy Clair, National Cancer Institute, National Institutes of Health) were cultured in DMEM containing 10% (v/v) FBS, 2 mM L-glutamine, 100 U ml 21 penicillin, and 100 mg ml 21 streptomycin. Cell invasion across a matrigel-coated membrane was performed using the 24-well BD BioCoat tumor invasion system, 8-mm pore size (BD Biosciences, San Jose, CA). 5 Â 10 4 cells in serum-free DMEM supplemented with 0.1% BSA were added to the upper chamber. The chemoattractant (recombinant ATX plus 1 mM of 18:1 LPC) was added in 0.75 ml of serum-free DMEM/0.1% BSA to the bottom chamber. Where indicated, the various compounds were preincubated in serum-free DMEM/0.1% BSA with recombinant ATX for 30 minutes at 37°C, prior to the addition of 1 mM LPC and placement in the bottom chamber. Cells were left to invade the matrigel for 16 hours at 37°C. After incubation, the medium in the upper chamber was removed and the insert was transferred into a new 24-well plate containing 4 mg/ml of calcein AM (Molecular Probes, Invitrogen, Grand Island, NY) in Hanks' balanced salt solution. The plates were incubated for 1 hour at 37°C. The fluorescence of invaded cells was measured with a FLEXStation II plate reader (Molecular Devices, Sunnyvale, CA) at excitation and emission wavelengths of 485 and 530 nm, respectively.
Melanoma Lung Colonization Model. All animal procedures were approved by the Institutional Animal Care and Use Committee at the University of Tennessee. Eight-to twelve-week-old female C57Bl/6 mice (Charles River, Wilmington, MA) were injected with 7.5 Â 10 4 B16F10 cells in 100-ml conditioned medium via tail veins. The groups then received either compound 1, compound 3, or 4-pentadecylbenzylphosphonic acid, an ATX inhibitor we developed and validated earlier (Gupte et al., 2011) at 30 mg/mouse via intraperitoneal injection starting one day before or after the B16-F10 injection, and daily for an additional 10 days. Control mice were injected with phosphate-buffered saline, using a 10% polyethylene-glycol vehicle. Subsequently, animals were monitored for another 10 days without treatment. On day 21, all mice were sacrificed; the lungs were harvested, inflated, and fixed with 10% formalin. The number of metastatic nodules on the lung surface was counted. The number of lung nodules was compared against the vehicle-treated control group by Student's t test, and P , 0.05 was considered significant.
Results
The primary objective of the present study was to experimentally identify a new and diverse set of nonlipid compounds that modulate the LPL activity of human recombinant ATX against the FS-3 substrate. To achieve this we developed an HTS method of ATX in 40-ml assay volume (Supplemental Fig. 1 ). In this assay a 10-mM concentration of LPA, which acts as a feedback inhibitor of ATX, caused an average 85% inhibition of the catalytic activity after a 3-hour incubation. The Z9 value was 0.847 (range 0.554-0.924), with a mean signal-to-background ratio of 4.19 (range 3.14-4.70), indicating the robustness of the assay. To maximize diversity, a chemical library of 9,652 compounds from the UC DDC library of 360,000 compounds was assembled and screened at 10 mM to identify novel compounds that inhibited ATX activation. A compound was defined as a hit if it showed .50% inhibition of FS-3 hydrolysis. From the primary screening, 198 inhibitory compounds (Supplemental Table 1) were selected (2% hit rate). Hits were further reduced by applying a series of filters, including a 10-point dose-response for each confirmed hit. The average Z9 value for the doseresponse assay was 0.75, ranging from 0.57 to 0.83. Signal-tobackground ratios [(1) ATX to (2) ATX] averaged 3.38 and ranged from 2.28 to 4.14. A compound was selected for further characterization if it had an IC 50 # 1 mM. Evaluation of the initial 198 compounds led to 26 compounds (Supplemental Table 2 ) that were chosen for further screening.
Secondary, Tertiary, and Quaternary Screening of the Primary Hits. The 26 compounds were subsequently screened against the PDE substrate pNP-TMP (Figs. 2B and  3B ). This screen revealed two groups of ATX inhibitors: 14 compounds that inhibited FS-3 hydrolysis only, and 12 compounds that inhibited both pNP-TMP and FS-3 hydrolysis. The 26 compounds were next counter-screened in the presence of 0.01% Triton X-100, discarding 11 promiscuous aggregators (data not shown). Finally, the ability of the compounds at 10 mM to inhibit ADMAN-LPC hydrolysis with a hit cutoff at 50% was used as the concluding criterion (Figs.  2B and 3C ). Only compound 3 in the dual-inhibitor group and Novel Inhibitory Surface in Autotaxin compounds 1 and 2 in the single-inhibitor group met these criteria and were further characterized in cell-based assays and in vivo. These three compounds were tested for the inhibition of the ATX-mediated hydrolysis of LPC 14:0, LPC 16:0, LPC 18:0, and LPC 18:1 (Table 1 ) and found to inhibit the cleavage of all four molecular species of the substrate with similar efficacy when applied at 10 mM.
Mechanism of Inhibition of the Hit Compounds. The mechanism of inhibition of ATX activity by the three compounds was determined by measuring the K i , and/or K i 9 values against ATX-mediated hydrolysis of FS-3 and pNP-TMP (Table 2 ). These experiments indicated that all three compounds inhibit the hydrolysis of the LPL substrate FS-3 by a competitive mechanism. In addition, competition assays were conducted for compound 3 against pNP-TMP hydrolysis in which the compound was also found to act via competitive mechanisms.
Molecular Docking of the Inhibitors into the ATX Structure. The differences in substrate-specific inhibition by the two groups of compounds led us to hypothesize that they might interact with different surfaces of ATX, as has been suggested for other ATX inhibitors showing substrateselective effects (Hoeglund et al., 2010) . Computational docking studies were performed using one of the recently solved crystal structures of ATX (2XR9) (Fig. 4) . The crystallographic studies identified three hot spots in the ATX structure (Fig. 4A ): 1) the catalytic site with Thr210 and the two Zn atoms; 2) a hydrophobic pocket, which accommodates the hydrocarbon tail of the lipid substrate and product; and 3) a hydrophobic channel that is hypothesized to provide entry to LPC and exit to LPA. The best docking poses obtained for compounds 1 and 2 show that these molecules are oriented similarly within the hydrophobic pocket (Fig. 4, B and C). The aromatic moieties of these compounds were inserted deeply into the pocket. However, these compounds do not reach the catalytic site. In contrast, compound 3 fits near the Zn 21 atoms at the catalytic site, almost in complete overlap with the position occupied by the covalently bound inhibitor HA155. The computed placement of compound 3 is consistent with the disruption of the catalysis of both LPL and PDE substrates, just as shown experimentally (Fig. 4D) .
Comparison of the docked positions of compounds 1 and 2 predicted that they are within 4.5 Å of residues Ser170, Phe211, Leu214, Ala218, Phe274, Phe275, Ala305, and Tyr307, which were defined as a hydrophobic pocket that accommodates the lipid tail of the substrate in the crystal structure (Hausmann et al., 2011; Nishimasu et al., 2011) . In contrast, compound 3 was anchored within the catalytic binding site indicated by a predicted interaction with residues near the Zn 21 atoms. In silico calculation of energies of interaction of residues lining the hydrophobic pocket with compounds 1 and 2 predict more robust contribution to binding energy than compound 3 (Table 3) . Thus, results of our molecular docking suggest that interactions with residues Chemical Computing Group Inc., 2012) . In (B) and (C) the HA155 inhibitor-bound crystal structure is overlayed in white. Phe275 is shown for reference in all panels. Note the close proximity of Phe275 to docked compounds 1 and 2 and the relatively large distance to compound 3.
of the hydrophobic pocket play a fundamental role in the ATX inhibitory activity of compounds 1 and 2. Mutagenesis of Hydrophobic Residues Predicted to Interact with the Single Inhibitor Compounds. Although in silico predictions suggested Tyr307 and Phe211 have the strongest binding energy, when mutating these residues we encountered problems with lack of expression and/or activity of the ATX mutants (Supplemental Fig. 2 ) as noted previously (Hausmann et al., 2011; Nishimasu et al., 2011) . From the dock simulation we hypothesized a possible amino-aromatic interaction of Phe275 with regions of the inhibitors.
Thus, Phe275 was selected as a target hydrophobic residue, while Tyr83 was selected as a target residue in the vicinity, but outside of the hydrophobic channel and the catalytic site (Fig. 5) . We hypothesize that these two mutants would have different sensitivity to the inhibitors. Specifically, the Y83A, 10.28 Å away, should maintain wild-type properties when challenged with any of the inhibitors, whereas the single inhibitors should be more affected by the F275A replacement (Fig. 5) . Replacement of Phe275 and Tyr83 with alanine proved to be successful by yielding an enzyme that was active, cleaving LPL and PDE substrates (Supplemental Fig. 2) . Characterization of the F275A mutant showed a greater loss in inhibitory potency by compound 1 than by compound 3 (Table 4 ). The inhibitory potency of compound 2 also decreased by 3-fold. Furthermore, characterization of the Y83A mutant supported our hypothesis by revealing that this mutation had no significant impact on the effect of either type of inhibitor. The differential effect of the Phe275 mutation on the inhibitory potency of the single inhibitors lends support to the unique interactions these compounds have with the surface of the hydrophobic pocket.
Characterization of the ATX Inhibitors on Other Pharmacologically Relevant Targets. As a member of the NPP family of enzymes, ATX shares homology with NPP6 and NPP7, which are type C phospholipases. NPP6 cleaves phosphocholine from LPC, sphingosylphosphorylcholine, and glycerophosphorylcholine (Sakagami et al., 2005) . NPP7 hydrolyzes sphingomyelin to generate ceramide and can also cleave phosphocholine from LPC and platelet-activating factor to generate monoacyl-and alkyl-acetyl glycerols (Duan et al., 2003; Wu et al., 2006) . The selectivity of the ATX inhibitors was examined against NPP6 and NPP7. None of the inhibitors had a significant effect on NPP6/7-mediated hydrolysis of the synthetic substrate, p-nitrophenylphosphocholine.
To determine potential off-target effects that the three hit compounds may have we submitted them to the National Institute of Mental Health PDSP (http://pdsp.med.unc.edu/ indexR.html). The compounds were tested for modulation of 32 types and subtypes of GPCRs, including seven lysophospholipid receptors-including sphingosine-1-phosphate (S1P) 2/3/4/5 and LPA 1/2/3 -16 orphan receptors, six transporters, and three ion channels that included the HERG2 channel. The results of this extensive screen showed no activating or inhibitory action by compounds 1 and 3 on any of these targets up to 10 mM, the highest concentration tested. We also extended the characterization of the three ATX inhibitors to the non-EDG family LPA receptors LPA 4 and LPA 5 and found no agonist, antagonist, or inhibitory action up to 10 mM, the highest concentration tested (data not shown).
Effect of the ATX Inhibitors on A2058 Melanoma Cell Invasion. ATX was originally discovered as a proinvasive factor in the culture supernatant of A2058 melanoma cells (Stracke et al., 1992) . For this reason, we elected to evaluate the three new inhibitors on the invasion of this human melanoma cell line. We applied recombinant 0.3 nM ATX plus 1 mM of 18:1 LPC with or without increasing concentrations of the inhibitors and quantified the invasion of matrigel-coated BD BioCoat chambers 16 hour later. The dose responsecurves generated (Fig. 6A) showed comparable nanomolar IC 50 values regardless of the blocking site of the compound in ATX. Specifically, the IC 50 values were 118.79 6 62.9 nM, 153.05 6 59.5 nM, and 85.35 6 44.6 nM, for compounds 1, 2, and 3, respectively.
Effect of the ATX Inhibitors on B16-F10 Melanoma Cell Metastasis. After injection into C57BL/6 mice via the tail vein, the syngeneic B16-F10 melanoma cells metastasize primarily to the lungs in an ATX-dependent manner (Baker et al., 2006; Gupte et al., 2011; Gotoh et al., 2012) . We showed that in this model administration of an ATX inhibitor up to 48 hours postinoculation of the melanoma cells still causes a significant reduction in the number of metastatic lung nodules, indicating a role for ATX in the colonization and seeding of the lungs with melanoma cells (Gotoh et al., 2012) . We tested compounds 1 and 3 by treating mice 1 day prior or 1 day after inoculation of B16-F10 melanoma cells via the tail vein, and continued for an additional 10 days. We also included 4-pentadecyl benzylphosphonic acid, a previously validated ATX inhibitor in the pre-and postinoculation paradigm (Gupte et al., 2011) . The single inhibitor compound 1 caused a significant reduction in the number of lung nodules in both treatment paradigms (Fig. 6B) . The dual inhibitor compound 3 (Fig. 6C) caused a significant reduction in the metastatic nodules in the pretreatment paradigm but did not reach significance in the post-inoculation paradigm (P 5 0.056). Novel Inhibitory Surface in Autotaxin 4-Pentadecyl benzylphosphonic acid, which is also a dual-type inhibitor, caused a significant reduction in the number of metastatic nodules in the lungs (Gupte et al., 2010; Gotoh et al., 2012) . Altogether, these findings support the hypothesis that inhibition of the ATX hydrophobic pocket can have similar blocking effects of melanoma metastasis in vivo as inhibiting the ATX active site.
Discussion
In this study we identified a surface of the hydrophobic pocket of ATX as a target site of inhibitors of enzymatic activity. The primary objective of the present study was to identify structurally diverse nonlipid inhibitors of ATX. We applied an HTS strategy using purified recombinant human b-ATX with the LPC-like substrate FS-3, which distinguishes our study from two previous HTS screens that used the PDE substrate pNP-TMP to screen a 13,000 member proprietary library with a partially purified mouse b-ATX from 3T3-F442A adipocytes (Ferry et al., 2008) or a 40,000 compound library using human recombinant ATX (Albers et al., 2010) . Docking simulations of FS-3 into the ATX structure showed (Supplemental Fig. 3 ) that the hydrocarbon chain of this substrate extends into the hydrophobic pocket, whereas the fluorochrome occupies a different space distinct from the hydrophobic channel of the enzyme. This model suggests that if one were to use pNP-TMP-like nucleotide substrates for HTS, all compounds that bind to the hydrophobic pocket would be missed. Thus, our results favor the use of LPC-like substrates that engage both the active site and the hydrophobic pocket of ATX. Ferry et al. (2008) noted that in their hands ATX, once purified, precipitated, which led them to apply hexadecyl trimethylammonium bromide or 2-methyl-2,4-pentanediol detergent in their assays. These detergents did have an impact on the IC 50 values they detected for their inhibitors. In our case the use of the human recombinant ATX did not present solubility problems, and the assay was linear up to 6 hours, the latest point tested. Nonetheless, we also retested our hits in the presence of 0.01% Triton X-100, not because of the poor stability of the enzyme but rather to eliminate self-aggregating compounds leading to false positives in the ATX inhibition assay (Feng et al., 2005) . Our three-tiered assays ( Fig. 2; Table 1 ) using LPC, PDE-, and LPC-like substrates consistently identified several inhibitor hits against the different types of substrates. The ∼10,000 compound diversity set was selected to be representative of the full compound library after application of a range of property and structural filters, affording a set of compounds significantly more drug-like and diverse. Chemoinformatics calculations and comparisons between compounds were performed within Pipeline Pilot (Pipeline Pilot Ver. 8.0.1.600, 2010; Accelrys Software Inc., San Diego, CA). The UC Compound Library was evaluated according to the Fig. 6 . Effects of ATX inhibitor hits on cancer cell invasion (A) and lung metastasis compound 1 (B) and compound 3 (C). (A) A2058 human melanoma cells were applied to matrigel-coated BD BioCoat chambers. 0.3 nM ATX plus 1 mM of 18:1 LPC with or without increasing concentrations of the inhibitors was applied, and invasion was quantified 16 hour later. Note that all three compounds showed a dose-dependent inhibition of A2058 melanoma invasion. C57BL/6 mice were inoculated with 7.5 Â 10 4 B16-F10 melanoma cells via the tail vein. Treatment with either compound 1 (B), compound 3 (C), or 4-pentadecylbenzylphosphonic acid (positive control) at 30 mg per mouse via intraperitoneal injection was started one day before (pretreatment) or after (post-treatment) the B16-F10 inoculation, and continued daily for an additional 10 days. Control mice were injected with vehicle phosphate-buffered saline with 10% polyethylene glycol vehicle. The mice were sacrificed on postinoculation day 21 and the lung nodules were counted. P values were calculated using Student's t test relative to the vehicle group. popular property filters (Lipinski et al., 2001; Veber et al., 2002; Hann and Oprea, 2004) targeting improved oral bioavailability or starting points for optimization toward improved oral bioavailability (i.e., fragment or lead-like), and from this evaluation the diversity set was compiled. The 9,652-compound diversity set we used is adherent to three out of four Lipinski Rules (Lipinski et al., 2001 ) drug-like property constraints.
Even though the hit rate in the primary screen was only ∼2% using the 10 mM concentration and 50% inhibition criterion, the HTS identified 198 structurally diverse nonlipid inhibitor compounds. These compounds fall into multiple structural categories, and we have already noticed that some structural features, such as presence of an aromatic sulfonamide group, show up in a disproportionately high number of the initial hits. This list of hits is now being used for the development of a structure-based ATX inhibitor pharmacophore and will be discussed in a future report.
Tests conducted using pNP-TMP and the LPC-like substrates distinguished two groups of compounds. The first group inhibited the LPL activity against different naturally occurring LPC species (Table 1) and LPC-like substrates that included FS-3 and ADMAN-LPC (Fig. 3C) . In contrast, the second type of compounds inhibited both pNP-TMP and the LPL substrates. The mechanism of inhibition, regardless of the type of substrate, for both types of compounds was consistent with the results of computational docking. Nishimasu and colleagues (Nishimasu et al., 2012) proposed three important molecular interaction surfaces in ATX (Fig. 4A) . These included the active site, a hydrophobic pocket harboring the lipid tail, and a channel through which the substrate and the product can shuttle in and out from the active site. Our docking simulations place the dual inhibitor compound 3 in the vicinity of the active site overlapping with the space occupied by the covalent inhibitor HA155 in the crystal structure (Figs. 3D and 4D ). The docked position of compound 3 provides a rational explanation for the inhibition of both types of substrates by blocking their interaction with the active site. In contrast, compounds 1 and 2 docked into the hydrophobic pocket sufficiently far away from the active site to allow the hypothesis that these inhibitors selectively block the hydrolysis of lipid substrates (Fig. 5, E and F) .
The hydrophobic pocket of ATX is lined by residues Ile168, Phe211, Leu217, Ala218, Leu260, Phe274, Phe275, Trp261, and Met513 (all human ATX residue numbers, [Nishimasu et al., 2011] ) (Fig. 6 ). Based on our docking simulation, Phe275 has an amino-aromatic interaction with compound 1. This is demonstrated by the strong effect of the Phe275 mutant on the potency of compound 1 and the absence of effect on the potency of compound 3. Analysis of the F275A mutant ATX showed that it retained nearly wild-type catalytic activity toward FS-3 and pNP-TMP substrates for compound 3. However, it lost its inhibition by compound 1, and its inhibition by compound 2 was also diminished (Table 4) .
The hits we identified in the DDC library have fulfilled one of our objectives for compounds that are nonlipid with partition coefficients in the range of 2.99-3.98, which makes them more water-soluble than previously identified lipid-like inhibitors with logP values greater than 5 (Albers and Ovaa, 2012) . Interestingly, the two single inhibitors had lower logP values than the dual inhibitor compound 3. This observation suggests that compounds with reasonable water solubility can access the hydrophobic binding pocket of ATX.
We had compounds 1 and 3 tested for off-target effects using the Psychoactive Drug Screening Program provided by the National Institute of Mental Health. This extensive screen turned up no activity of these compounds at the 30-plus GPCRs, ion channels, and transporter targets that included the S1P GPCRs S1P 2 , S1P 3 , S1P 4 , and S1P 5 ; the LPA 1 , LPA 2 , and LPA 3 LPA receptors; and the HERG-2 channel. The lack of agonist or antagonist action of our new ATX inhibitors on LPA and sphingosine-1-phosphate receptors, combined with their lack of inhibitory activity at NPP6 and NPP7 underlines the specificity of these compounds to ATX and paves the way toward their use in cell-based and in vivo disease models.
The solubility, stability, and hence the bioavailability of several earlier ATX inhibitors have presented problems for their further development (Ferry et al., 2008; Albers et al., 2010; Albers and Ovaa, 2012) . ATX was originally isolated as a factor that promoted melanoma invasion (Stracke et al., 1992) . To assess the utility of the two types of inhibitors we tested their ability to inhibit invasion in a Boyden chamber cell-based assay. Our findings with both types of inhibitors confirmed that blocking the enzyme inhibits the invasion of A2058 melanoma cells. At this early stage of the characterization of these novel ATX inhibitors we deemed it premature to conduct pharmacokinetic studies; however, we tested compounds 1 and 3 in the lung colonization model using B16-F10 syngeneic melanoma cells. These results indicated that the hydrophobic pocket inhibitor compound 1 was effective in significantly reducing the number of lung metastases when applied 1 day prior or 1 day after inoculation with the tumor cells. This observation extends our previous reports that inhibition of ATX reduces the seeding of lung metastases in this animal model. This is the first set of results that shows the antimetastatic utility of a compound that blocks the hydrophobic pocket without interfering with the PDE activity of the enzyme. It is in line with the previous hypothesis that the PDE activity of ATX does not play a role in the prometastatic action of this enzyme in vivo.
The present results taken together establish the utility of the compounds 1 and 2 for in vitro studies. Nonetheless, we view these compounds as primary hits that will have to undergo lead optimization to reach broad applicability in vivo.
